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DNA methylation is a heritable epigenetic mark that controls gene expression, is responsive to environmental stresses, and, in plants, may also play a role in heterosis. To determine the degree to which DNA methylation is inherited in rice, and how it both influences and is affected by transcription, we performed genome-wide measurements of these patterns through an integrative analysis of bisulfite-sequencing, RNA-sequencing, and siRNA-sequencing data in two inbred parents of the Nipponbare (NPB) and indica (93-11) varieties of rice and their hybrid offspring. We show that SNPs occur at a rate of about 1∕253 bp between the two parents and that these are faithfully transmitted into the hybrids. We use the presence of these SNPs to reconstruct the two chromosomes in the hybrids according to their parental origin. We found that, unlike genetic inheritance, epigenetic heritability is quite variable. Cytosines were found to be differentially methylated (epimutated) at a rate of 7.48% (1∕15 cytosines) between the NPB and 93-11 parental strains. We also observed that 0.79% of cytosines were epimutated between the parent and corresponding hybrid chromosome. We found that these epimutations are often clustered on the chromosomes, with clusters representing 20% of all epimutations between parental ecotypes, and 2-5% in F1 plants. Epimutation clusters are also strongly associated with regions where the production of siRNA differs between parents. Finally, we identified genes with both allele-specific expression patterns that were strongly inherited as well as those differentially expressed between hybrids and the corresponding parental chromosome. We conclude that much of the misinheritance of expression levels is likely caused by epimutations and trans effects.
bioinformatics | plant biology D NA methylation is an epigenetic mark that can often lead to the repression of gene expression (1, 2) . It is enriched in heterochromatin and, when present at regulatory sites, usually acts as a repressor of expression, most notably in transposons (3) . However, it is also found over coding regions, where it likely does not directly affect transcription and is associated with moderately expressed genes (2, (4) (5) (6) . In plants, DNA methylation occurs in three different contexts: CG, CHG, and CHH (where H is any nucleotide but G). In Arabidopsis, each context is maintained by different enzymes: MET1 for CG sites, CMT3 for CHG sites and DRM2 for CHH sites. CG and CHG sites are symmetric across the two DNA strands, which is thought to be important for the maintenance of methylation at these sites following DNA replication. In contrast, CHH sites are not symmetric, and their methylation is mediated by RNA-directed DNA methylation pathways (RdDM), which use siRNAs to initiate de novo methylation (3) . Cellular methylation states tend to persist during cell division, and recent studies in Arabidopsis have also shown that DNA methylation is faithfully inherited across generations (7, 8) . Nonetheless, we are only beginning to understand how different methylation patterns from inbred parents may "interact" during the generation of their hybrid progeny (9, 10) .
In this study, we generated integrative maps of whole-genome cytosine methylation profiles [bisulfite sequencing (BS-seq)] and transcriptional profiles (RNA-seq), to characterize two rice subspecies, Oryza sativa spp japonica [Nipponbare (NPB)] and Oryza sativa spp indica (93-11) and their two reciprocal hybrid offspring. Using a combination of BS-seq, RNA-seq, and siRNAseq, we were able to generate allele-specific patterns of methylation and transcription in the hybrids, and thus directly measure the degree to which these are altered between the corresponding parental and F1 chromosomes.
Results and Discussion
We sequenced bisulfite-treated DNA from two cultivated subspecies of Oryza sativa, NPB and 93-11, as well as the F1 hybrids resulting from reciprocal crosses. We achieved coverage levels of 17 × for NPB, 10 × for 93-11, and about 25 × for each of the two crosses (Dataset S1).
SNPs are Much More Common Between Varieties, and Very Infrequent Across Generations. Using the Michigan State University rice genome version 6.1 annotation (11) as a reference, we mapped the bisulfite-converted reads to the genome using BS Seeker (12) . From these alignments we determined SNPs between the NPB and 93-11 parental plants. Although there is ambiguity because of cytosine conversion in bisulfite-treated DNA, we can distinguish conversions from mutations by analyzing the sequence of the complimentary base of each cytosine, and, as a result, were able to call all possible types of SNPs. For our SNP calls we required that we had at least three reads on each strand and over 90% agreement between them before making a call ( Fig. 1A ).
Using these SNP calls we reconstructed two genomes, one for each parent. We then mapped F1 reads against these inferred genomes to identify the parental chromosome from which they were derived.
We found one SNP every 253 base pairs between the two parental strains (Fig. 1B) , representing a level of divergence that is similar to previous japonica-indica comparisons (13) . Not surprisingly, regions enriched with genes had lower densities of SNPs. Of these SNPs, the most frequent were C to T changes, or their complements corresponding to G to A mutations on the opposite strand. Combined, these types of mutations accounted for 73% of the SNPs that were found between varieties ( Fig. 1C and Dataset S2), which represents a threefold enrichment compared to the expected value if all types of mutations were equally likely. We also observe that methylated cytosines mutate more than three times more frequently than nonmethylated cytosines ( Fig. 1D ), and they most often mutate to thymines. This is consistent with previous observations that the deamination of methylcytosine, which results in thymine, occurs at higher rates than other spontaneous mutations (14) (15) (16) .
Next, we compared mutation rates between the parental strains and the hybrids. Not surprisingly, we found that SNPs were nearly absent across generations. If, as is likely, the few SNPs we call are false positives, we estimate the false discovery rate of our SNP calls to be less than 0.0003%.
We also found a small number of SNPs between the reference Michigan State University O. sativa japonica genome and our assembled version (1∕90651 bp; 2,487 total) (Dataset S2), and considerably more SNPs by comparing our assembled version of the 93-11 genome with the reference Beijing Genome Institute's O. sativa ssp. indica genome (1∕51 bp), consistent with the fact that the 93-11 assembly is not as complete as that of the NPB cultivar (17) . The fact that we only align reads that map to a unique position in the genome, have at most three mismatches with the reference genome, do not permit insertions or deletions, and require a minimum of three reads on both strands, allowed us to only call bases over about half of the genome in both NPB and 93-11, and thus we are reporting only a subset of all true SNPs.
Epimutations Occur Frequently and in Clusters Between NPB and 93-11. Using the BS-seq reads, we were able to identify quantitatively the methylation status of cytosines in the parental genomes. By partitioning the F1 reads between their NPB or 93-11 chro-mosomes, we were also able to identify the allele-specific methylation status of cytosines in F1 plants. However, because the partitioning of reads between NPB and 93-11 parents can only occur at polymorphic sites, we were only able to do this for 6.2% of all cytosines with sufficient coverage.
When comparing sites where each library had similar levels of coverage, we found that NPB had a higher level of methylation than 93-11 at CG and CHG sites, but that 93-11 had more methylation at CHH sites ( Fig. 2A ). As one might expect, on a global level, the hybrids had methylation levels that were halfway in between the parental methylation levels. However, the methylation of individual chromosomes in the hybrids closely matched that of the corresponding parent.
We used a binomial-based approach to determine whether sites were differentially methylated between samples, and refer to these events as "epimutations." As discussed in detail in Materials and Methods, this was accomplished by requiring that the methylation level in both samples be outside of the 95% confidence interval of methylation of each other ( Fig. S1 ). Further, we required that the methylation difference was greater than a threshold, defined as the average methylation level for each particular sequence context. In order to prevent coverage biases, we also restricted our analysis only to those sites that had comparable coverage in both samples.
Overall, we found that the epimutation rate was 7% (1∕15 cytosines) between the NPB and 93-11 parental strains. Because cytosines represent about 20% of all bases, this leads to an overall epimutation rate of one in every 75 bases, which is considerably higher than the SNP rate of one in every 253 bases. The epimutation rates were higher at CG (17%) and CHG (11%) sites compared to CHH (3%) sites. The epimutations between the parental strains are likely driven by both the cis genetic differences between the two cultivars as well as stochastic effects. To determine the rates of epimutation within the same local genetic background, we compared the methylation of the parental strains to the corresponding chromosomes in the hybrids. Here, we found that only about 0.8% (1∕126) of cytosines have altered methylation ( Fig. 2B and Dataset S3). Among these sites we found that CHG epimutations were the most common. Other studies have found CHG sites are associated with silent chromatin and H3K9 dimethylation, indicating that the repression of these sites may be variable between the parent and F1 plants (18) .
We next asked whether epimutation events are isolated and independent, or whether they tend to occur in clusters. We There is also a region of differential methylation in the 93-11 chromosome of a hybrid and the 93-11 parent that cannot be attributed to a lack of coverage. 9 × N and N × 9 represent the reciprocal crosses between NPB and 93-11, and jN and j9 represent the NPB and 93-11 chromosomes within the hybrids. (D) Among epimutation clusters, as the fraction of methylation sites that are greater in NPB increases, so does the fraction of siRNAs that are found in NPB versus 93-11.
searched for 100 bp-sized windows in which epimutations were enriched. Enriched windows were defined as those having at least five, and a minimum of 20%, of all cytosines that are differentially methylated between two samples. Using this approach we identified 16,865 epimutation clusters between NPB and 93-11. An example of such a cluster is shown in Fig. 2C . Of these clusters, 5,152 had epimutations with significantly greater methylation in 93-11 and 8,584 with greater methylation in NPB.
In contrast, there were fewer clusters of differential methylation between parents and F1 plants. We identified an average of 340 clusters meeting our criteria between NPB and the NPB chromosomes in the two F1 hybrids, and 75 between 93-11 and the 93-11 chromosomes in the two F1 hybrids. A reduced occurrence of clustered epimutations is expected because there are far fewer epimutations between parents and F1s than between the two parents. However, we found that as a fraction of the total, transgenerational epimutations were less clustered than those between the parents, with clusters representing 20% of all epimutations between parents, but only 5% in NPB F1 plants and 2% in 93-11 F1 plants.
Intriguingly, we found that significant numbers (approximately 45%) of transgenerational epimutations (between parent and F1 plants) were also identified as epimutations between the two parental varieties (Fig. 2B) . Conversely, about 15% of the epimutations that were found between parental cultivars were also found to be epimutated across generations. This suggests that regions of discordant methylation between the two inbred parents are often aberrantly inherited in the F1 plants, a result that is consistent with recent findings in Arabidopsis hybrids (10) . We found similar results for epimutation clusters, because 20% of those found in NPB F1 plants and nearly 35% of the clusters found in 93-11 F1 plants had some overlap with NPB vs. 93-11 epimutation clusters.
We next asked whether epimutation clusters are correlated with siRNAs, and whether this could explain the overlap we observe between interparental and transgenerational epimutations. The RdDM pathway is associated with feedback loops between the production of siRNAs and the recruitment of DRM methyltransferases (3, 19) . However, the activation of this feedback is likely dependent on the dosage of siRNAs. As a result, we expect that some of the epimutation clusters are associated with differential siRNA production between the parental cultivars. At these loci the hybrid plants would produce siRNAs at a level that is intermediate between the two parents. In some cases this level may be sufficient to methylate both chromosomes in the hybrid, leading to the hypermethylation of the locus with respect to the unmethylated parent. Conversely, in other cases, the siRNA dosage may be insufficient to methylate the locus in either chromosome, leading to the hypomethylation of the locus with respect to the hypermethylated parent.
To understand the relationship between epimutation clusters and siRNAs we sequenced small RNAs from the parental and F1 samples. From the sequenced reads we selected 24-nt small RNAs that mapped uniquely to the genome, because we expect these to be enriched for siRNAs instead of miRNAs (20, 21) . We found that 29% of the epimutation clusters had siRNAs associated with them. We also observed that epimutation clusters that were hypermethylated in NPB versus 93-11 also had more siRNAs in NPB versus 93-11. That is, within a cluster there was a strong correlation (rho ¼ 0.7) between the fraction of epimutations where methylation was increased in NPB and the fraction of siRNAs belonging to NPB (Fig. 2D) . Because of the paucity of SNPs in 24-nucleotide siRNAs we were unable to assign a sufficient number of siRNAs uniquely to the parental chromosomes, and thus were unable to analyze parent-specific siRNA levels in the hybrids.
Genes Expressed in an Allele-Specific Manner are Enriched for Epimutations. To study the inheritance of gene-expression levels in the hybrid strains we measured transcript levels using RNA-seq. We obtained RNA-seq data from the same samples that were used for methylation profiling. Reads were mapped using TopHat (22) and, in the case of F1 plants, we assigned them to individual chromosomes using the SNP data discussed above. Based on the counts of SNP-containing reads, we computed the allele-specific expression levels in the F1 plants. We also used these data to estimate expression levels in both parents.
We first compared transcription between the NPB and 93-11 varieties. We defined genes as differentially expressed if (i) the difference in their counts was at least 100 reads per kilobase per million reads (RPKM) and had a p-value below 10 −5 (based on a Poisson model), and (ii) they had at least a twofold change. We found 1,525 transcripts that met these criteria ( Fig. 3A and Dataset S4 and S5).
To assess the association between methylation and transcription we measured both methylation and epimutations within transcribed loci and their immediate 1-kb upstream region. In order to find genes that were enriched for differential methylation, we used a binomial-based test to determine whether a significant number of sites were differentially methylated. We found that 491 out of 25,640 (Dataset S6 and S7) genes had significant enrichment for interparental epimutations (p-value < 0.01). Of these, 45 were also differentially expressed, indicating that there is a significant enrichment for differential methylation among the differentially expressed genes (p ¼ 0.0024).
We next set out to determine how transcriptional differences between the parents were inherited in the hybrid plants, by analyzing RNA-seq reads corresponding to SNPs. We calculated F1 allele-specific expression estimates and used a t test to identify genes that were expressed in an allele-specific manner between the parents as well as between the corresponding chromosomes in the F1 hybrids. As in our previous comparison, we also required that the expression fold change between the two alleles be at least twofold and have a difference of at least 100 RPKM. We found 85 genes that fit these criteria (Dataset S8), and thus had significantly different expression levels between NPB and 93-11 chromosomes.
Allele-specific expression is potentially mediated by both genetic and epigenetic factors. We found that most (79%) genes had at least one SNP between NPB and 93-11, and 37% had more than five SNPs. In contrast, genes that were expressed in an allele-specific manner had a significantly higher SNP rate (Fig. 3B ). We also found that of the 85 genes that were expressed in an allele-specific manner, a significant number, 15, were also differentially methylated (p ¼ 10 −26 ). A plot of epimutation densities over allele-specific genes also shows that the level of epimutations tends to rise significantly over the body of these genes (Fig. 3C) . Thus, we observe that the genetic differences that underlie allele-specific genes also correlates with dramatic differences in their methylation state, and that the combination of these two effects is likely mediating the allele-specific expression differences we observed.
To disentangle genetic and epigenetic factors that mediate expression changes, we also looked for genes that were differentially expressed between the parents and their corresponding chromosomes in the hybrid. We found 1,619 genes that had transgenerational differential expression in at least one parent-F1 comparison using the same criteria described above. Of these, we found only a single case that was both differentially expressed and differentially methylated. Because most of these genes have similar methylation profiles and identical genetic backgrounds, their transcriptional changes may be mediated by trans effects in the hybrids. The fact that this group of genes is much larger than the allele-specific genes suggests that these trans effects dominate the genetically and epigenetically mediated allele-specific expression phenotypes. Chodavarapu 
Conclusion
Although it is thought that DNA methylation patterns are to a large degree heritable in plants, the frequency of epimutations and their underlying causes are still poorly understood. By sequencing both parental and hybrid strains we were able to measure the frequency of transgenerational epimutations and found that they occur in about one in every 125 cytosines across geneti-cally identical chromosomes. This shows that DNA methylation is in fact quite variable across generations, and suggests that this variability across inbred strains may have important phenotypic consequences.
There are two primary mechanisms that could account for changes in DNA methylation across generations. The first are stochastic effects that may accrue as somatic cells in the parents lead to germ line cells and eventually somatic cells of their progeny. The second cause of epigenetic variability may be trans effects, as the heterozygous hybrids are genetically different from the inbred parents. Specifically, we suggest that these trans effects may be in part mediated by RdDM pathways that mediate the interaction between the production of siRNAs and DNA methylation. Differences in siRNA production between parents at specific loci would lead to the inheritance of average levels of siRNAs in the progeny, which could in turn lead to either the hyper-or hypomethylation of the two alleles, depending on whether the dosage is sufficient or insufficient to activate RdDM.
It is likely that both these mechanisms are at play in the F1 hybrids we have analyzed. The fact that epimutations are clustered between parents suggests that siRNAs are likely mediating these differences, and we find a strong association between siRNA dosage differences and epimutation levels in our data. However, because the fraction of transgenerational epimutation clusters is quite low, stochastic effects must also be playing a role in the transmission of DNA methylation patterns across generations.
To understand whether epimutations have observable molecular phenotypes, we also examined transcription using RNA sequencing. We found that genes that are expressed in a strongly allele-specific manner across samples are enriched both for genetic and epigenetic differences, suggesting that these two effects may be acting cooperatively to maintain these patterns. However, loci showing transgenerational gene-expression changes across identical chromosomes are not significantly enriched for epimutations, suggesting that trans effects may be mediating the bulk of these changes. However, a single epimutation within a key cis-regulatory site may be sufficient to disrupt the expression of a gene, and therefore it is not possible to rule out stochastic epimutations as a significant driver of transgenerational transcriptional variability.
The two varieties of rice that we studied demonstrate significant heterosis, a phenomenon whereby matings by more distant plants, intra-or interspecies, result in offspring with superior agronomic traits, such as tiller number and dry weight (9, (23) (24) (25) . Previous studies of heterosis have revealed possible mechanisms to account for the increased vigor, but the mechanisms that underlie this complex phenotype are still poorly understood, and the role of DNA methylation in heterosis is unclear (26) (27) (28) (29) . Our results suggest that the majority of gene-expression changes in hybrids are not associated with cis-acting DNA methylation changes, and instead indicate that trans effects may mediate the majority of the transcriptional differences in hybrid offspring. However, it is possible that a subset of the gene-expression changes may also be caused by intergenerational epimutations in the hybrids.
In conclusion, we have mapped the degree to which DNA methylation varies between parental and hybrid strains. These observations reinforce the notion of epigenetic plasticity and suggest that it may play important roles in both environmental adaptation as well as hybrid vigor. In the future it will be important to elucidate the magnitude and molecular details of these mechanisms. shige and Skoog medium. After germination, rice seedlings were transplanted into soil and grown at 26°C∕20°C under a 10-h light/14-h dark cycle in growth chamber. Fully expanded leaves from 6-wk-old plants were collected for library construction.
Materials and Methods
Library Construction. BS-seq libraries were made from genomic DNA isolated from leaf tissues of NPB, 93-11, and their two reciprocal hybrid offspring, 93-11 × NPB and NPB × 93-11, by a previously published method using premethylated Illumina adapters (30) .
RNA-seq libraries were made from total RNA isolated from leaf tissues using TRIzol reagent (Invitrogen). Total RNA (10 ug) for each sample was used for purification of the poly(A)-containing mRNA molecules, RNA amplification, and synthesis of double-stranded cDNAs that were ligated to adapters, thus preparing the libraries for sequencing on the Illumina GAII. The RNA-seq library preparation protocol was followed as described in Illumina's standard protocol for RNA-seq libraries (Illumina). Libraries were sequenced on an Illumina GAII at the Delaware Biotechnology Institute. This generated 74,171,650 total reads from NPB; 71,535,918 total reads from Oryza sativa indica (93-11); 74,999,214 total reads from the reciprocal hybrid offspring 93-11 × NPB; and 78,592,119 total reads from the reciprocal hybrid offspring NPB × 93-11. The mRNA sequence data are available from National Center for Biotechnolgy Information's (NCBI) Gene Expression Omnibus (GEO) and are accessible via GEO Series accession number GSE38480.
Small RNA libraries were constructed from total RNA isolated from leaf tissues using TRIzol reagent (Invitrogen). The sRNA library-preparation protocol is based on the sRNA-Sequencing Sample Preparation Guide (Illumina). The libraries were sequenced on an Illumina GAII at the Delaware Biotechnology Institute. The sRNA sequence data are available from NCBI's GEO and are accessible via GEO Series accession number GSE38480.
Data Processing and Analysis. Bisulfite-sequenced reads from all libraries were mapped to the Oryza sativa ssp. japonica (cv. Nipponbare) version 6.1 reference genome (11) using BS Seeker (12) allowing for up to three mismatches. Reads that mapped with equal efficiency to multiple sites were discarded. Coverage was about 20 × for NPB and 12 × for 93-11 and about 25 × for the hybrids. Using these reads as a scaffold, custom NPB and 93-11 genomes specific to our samples were built. Genotypes were called only when cover-age consisted of at least three reads per strand and over 90% of the reads were in agreement. These custom genomes were used to call SNPs.
DNA methylation was calculated as the percent of cytosines that failed to undergo bisulfite conversion. DNA methylation context was determined based on the sequence in NPB. For most analyses, the sites that were considered were limited to those that had comparable coverage levels in all libraries, which was defined to be at least five and not more than 25 reads.
Epimutations were determined by finding sites where the implied methylation level of each sample was outside of the 5% confidence intervals of the other sample based on a binomial distribution. The difference in implied methylation levels also needed to be greater than a threshold based on the mean context specific methylation (Fig. S1 ).
Transcripts enriched for differential methylation were identified by using a binomial test. The inputs for this test were the number of epimutations present, the number of cytosines in the gene with sufficient coverage in the respective libraries, and the overall epimutation rate for the genome. Transcripts with p-values below 0.01 were considered to be enriched for epimutations.
RNA-seq reads were mapped using the default parameters of TopHat (22) . Coverage was about 20 × in NPB, 15 × in 93-11, and about 12 × in the two hybrids. Differential expression was determined using a Poisson test. Starting with the number of RPKM of one sample, we used the Poisson test to compute the probability of observing the RPKM values in the other sample and vice versa. If either yielded a p-value below 10 −5 and there was at least a twofold change and an absolute difference of at least 100 RPKM, the gene was called differentially expressed. siRNA reads were processed in order to trim the adapter sequence and then were mapped using Bowtie allowing for up to three mismatches and requiring matches to be unique (31) . Matches were further size-selected so that only 24-nt reads were kept. Fig. S1 . Epimutation identification. The identification of epimutations (differentially methylated sites) requires that the implied methylation level of each sample be outside of the 5% confidence intervals based on a binomial distribution. It also requires that the methylation difference be greater than a threshold determined to be the overall mean of that context-specific methylation.
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